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Abstract

An experimental investigation of the mixing of non-
reacting opposed rows of irdinejets injected perpendicular to
a unifccm crossflow has been conducted in a rectangular duct.

Planar Mie-scattering was used to measure the time-average
concentration distribution of the jet fluid in planes perpendicu-
lar to the duct axis.

Orifice configurations with geometric blockages

ranging from 0.59 to 0.89 had similar mixing performance
when compared at one-haLf duct height downstream of injec-
tion. Blockage was varied by changing the orifice aspect ratio
from 1-to-1 to 1-Io-1.5 while maintaining orifice spacing-to-

duct height (S/H) at 0.425, jet-to-maimtream mass flow ratio
(MR) at 2.0, and jet-to-mainstream momentum-flux ratio (J)
at 48. The result indicates that the design correlating expres-
sion (at MR = 2) for optimum inline mixing of 2.5 =(S/I-I_J

is independent of the webb between adjacent orifices and
therefore independent of orifice width. Experimental and
numerical results for an orifice aspect ratio 1-to-1 case were in

good agreement.

The results of a comparison of inline 45° slanted slot
and round orifice configurations indicate that in order to obtain

equivalent mean concentration distributions at the same J it is
necessary to use a smaller S/H for the round orifice configura-
tion. Conclusions about the performance of various orifice

shapes can only be obtained from comparison of optimized
configurations.

Inline jets with different momentum-flux ratios on
opposite sides were compared at a constant mass flow ratio.
The orifice spacing choosen was previously found to be an

optimum configuration when opposing values of J were equal
and also an optimum for single side injection. Experimental

and empirical results were in good agreement.
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]Nomenclature

jet-to-mainstream area ratio = Aj / Am
blockage = y projection / S
(S/H)* ,/J (seeEq. 1)
(mj / m_)/(1 + mi / m_) = 0_ 17
orifice discharge coefficient
jet-to-mainstream density ratio = pj /Pm = 1.0
orifice diameter

duct height at injection plane = 2 in
jet-to-mainstream momentum-flux ratio

= (pjvj2)/ COrnvJ)
jet-to-maimtream mass flow ratio = mi / mm
spacing between corresponding points on
adjacent orifices
spatial unmixedness parameter(see Eq. 2)
jetvelocity= mjI(PiAjCd)
mainstream velocity = 10 ft/s
downstream coordinate, x = 0 at the leading

edge of the orifice
cross-stream coordinate

Introduction

Rapid mixing of two steady flows is essential in
numerous technology areas, including aeropropulsion, chemi-

cal processing, and effluent control.Injection of jets perpen-
dicularto a crossflow has proven to be an effective mixing

technique for many of these applications. For example, gas
turbine combustion chambers rely on crossflow mixing in the

dilution zone to provide a uniformly mixed discharge to the
turbine.

Cmssflow mixing has recendy been proposed as a

technique which will provide the rapid mixing required in a
propulsion system that has low emissions. The Rich-burn/
Quick-mix/Lean-bum (RQL) combustor concept uses axially
staged burning zones toavoid stoichiometric mixtures in order
to minimize production of oxides of nitrogen (NO x) while
maintaining a high level of combustor efficiency. The quick-
mix section is a key technology for this combustor to achieve
low emissions I. Evaluation and enhancement of the perfor-

mance of the mixing section for this combustor concept has
been the subject of many recent experimental and numerical
studies of crossflow mixing TM. The present investigation
further addresses the design of this section.



Experimental

The study of jet mixing in gas turbine combustor
dilution zones is generafiy motivated by concern for turbine

durability. Mixing performance in the dilution zone is deter-

mined by jet peneuation and use of the "optimum" number of

jets. The design is satisfactory when a uniform mean tempera-
ture distribution is achieved at the exit of the combustor 1719.

Holdeman _7has shown that the most important design param-

eters me (1) jet-to-mainstream momentmn-flux ratio (J) and

(2) orifice spacing-to-duct height ratio (S/H) and that optimum

mixing performance is achieved when the product of the

orifice spacing and the square root of the momentum-flux ratio
are a constanU

C = (SPrI) _/J (1)

The value of this constant, C, has been determined empiricany

over a range of J for orifices with spacing-to-diameter ratios

(S/D) > 2, and MR < 0.5. Optimum mixing was obtainedwhen

C = 2.5 for single-side injection, 1.25 for opposed rows of

inline jets, and 5.0 for opposed rows of staggered jets.

In the RQL combustor, the design of the mixer is

constrained by the need for rapid addition of a large quantity of

air at a AP < 4%. While conventional dilution zones typically

have jet-W-mainstream mass flow ratios (MR) < 0.5 and may
introduce the mass over a length of several combustor heights,

the RQL mixer requires amass addition of MR> 2 in a length

that is less than halfa duct height. Designs which achieve this
mass addition therefore have high jet-to-duct area ratios com-

pared to conventional dilution zones, the result being large
orifices which are closely spaced (S/D < 2). Directly opposed

inline orifices provide the largest mass addition per orifice

length of any geometric configuration and therefore recent

experimental and numerical studies have concentrated on this

orifice configuration for the RQL application. In this investi-

gation, three design considerations for inline orifices are ex-

plored: (1) webb between adjacent orifices, (2) orifice shape,

and (3) jets with different momentum-flux ratios on opposite
sides.

Figm'¢ 1 is a schematic representation of the appara-

tas. The apparatus consists of 3 parallel contiguous ducts of

rectangular cross section, simulating a sector of an annular
cumbnstor. Sector width is 12 inches. The inner duct height

(H) is variable, but was set at 2 inches for the reported

experiments. The outer ducts (shrouds), which supply the

injectant gas, are 1 inch in heighL These areseparatedfrom the

inner duct by removable, 0.12 inch thick fiat plates. The

injectant is fed from the shrouds to the inner duct through

orifices of various sizes and shapes that are machined into the

plates. Mass flow to each of the 3 ducts is controlled indepen-
dently using venturi fiowmeters. The maximum variationin
the mean approach velocity of the mainstream flow was 6%
with a turbulence level of 1.3%. All tests were conducted at

unity density ratio.

Planar digital imaging was used to optically measure

concentration distributions in planes perpendicular to the duct

axis, starting at the leading-edge of the orifice and continuing

downstream to a location equal to the duct heighL The Mie

scattering technique 2° is applied by marking thejet flow with

an oil aerosol (pro sized particles). A light sheet (0.02 inch

thick)iscreatedusinga 2W argon-ionlaserand a rotating

mirror. The flow field is illuminated by passing the light sheet

through a window in the side wall of the test section. An image

intensified thetmo-electrically cooled CCD camera, located
inside the duct 2.5 fl downstream of the orifice centerfine, is

focused on the illuminated plane (end-on view). The camera

is programmed to make exposures coincident with the sweep

of the beam through the flow field. The image is digitized and

sent to a computer for storage. The scattered light intensity is

proportional to the number of particles in the measurement

volume. If only one of two streams is marked (in this study the

jet fluid), the light intensity of the undiluted marked fluid

represents mole fraction unity.

imaging planes

_2" _ _a'_---jetfl°w _
p _4-L_ ---f. ..... --=:_ -

i! _7_'-" CCD camera

Figure 1: Experimental Configuration used to Measure Planar Concentration Distributions



Results and Discussion

Spatial unmixedaess (U s) is a parameter that quanti-
fies the unmixedness of a distribution, and discussed in detail

by the authors in Ref. 7., is defined as:

Us = Cvar (2)

CRag(I-Ca_g)

where,

_1 m )2C_r -m E (q-Cavg
i=l

= spatial concentration variance

m = numberofpixels in the distribution

Ci = time-average concentration at a pixel

Cavg= fully mixed concentration = mj/(mj + ram)

Cavg (1 - Cavg) -- maximum concentration variance
= 0.221 for MR = 2.0

Normalization by Cavg (1 - Cavg) allows comparison

of systems of different Cavg (different MR) and bounds U_

between 0 and 1. U s = 0 corresponds to a perfectly mixed
system, and U_ = 1 a perfectly segregated system.

The general inverse relationship of J and S/H (Eq. 1)
has been shown 2to apply when extended to RQL conditions of
MR = 2 and S/D < 2. However at those conditions, the

proportionality constant, C, has been found, both
experimenally 7 and numerically 2& 6, to be =2.5, compared to
a value of 1.25 which was reported 17at S/D > 2. To determine
whether C is a function of orifice width, a set of "optimized"
orifices with varying geometric blockages (B) were investi-

gated. Rectangularly shaped orifices were used in order to
maintain MR = 2.0 and S/H = 0.425 for all configurations.

(Blockage cannot be varied at constant MR and S/H using
circular orifices).

The effect of varying blockage from 0.59 to 1.0 was
investigatedby testing the 7 orifice plate configurations shown
in Table 1. The fast 6 configurations were designed to be

optimum inline mixing configurations based on the results of
a numerical parametric investigation of aspect ratio and orifice
spacing by Bain, Smith and Holdeman 2. In that numerical
study, aspect ratio and orifice shape were found to have little

Plate Aspect
# Ratio

1 1-to-l.5

2 1-to-1.25

3 l-to-1

4 1-to-1.25

5 1-to-l.5

6 1-to-1

Configuration
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Width x Length

(Av"x zx")

0.502 x 0.752

0.550 x 0.687

0.614 x 0.614

0.687 x 0.550

0.752 x 0.502

0.695 x 0.695

0.850 x 0.44

Area Ratio

(Aj/Am)

0.444

0.444

0.444

0.444

0.444

0.444

Design
Cd (*)

0.75 (0.66)

0.75 (0.64)

0.75 (0.65)

0.75 (0.62)

0.75 (0.62)

0.75 (0.66)

Blockage t

0.59

0.65

0.72

0.81

0.89

0.82

0.444 0.75 (0.68) 1.00

Table 1: Optimum Inline Orifice Configurations for MR = 2.0, S/H = 0.425, J = 36

"measured discharge coefficient

* y projection / S
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effect on the mixing performance of inline configurations

when a value of 2.55 was used for C in Eq. 1. The plates were

designed for a MR of 2.0 when J -- 36 and S/H = 0.425 in order

to compare with those numerical results. However, the

experimentally measured C_ for the plates was significantly

less than the design point C,_. The lower C_ required J = 48 to
achieve MR = 2.

Average jet mass fraction concentration distributions

perpendicular to the mainstream flow direction for blockages
of 0.59.0.65, 0.81 and 0.89 are shown in Fig. _ at 5 down-

stream positions starting at the trailing edge of each row of

orifices. The concentration distributions are plotted using 10

color-coded contours each representing a range in jet mass

fraction of 0.1 from pure jet fluid = 1.0 (blue) to pure nmin-
streanl fluid = 0.0 (red). The fully mixed concentration ol'each

configuration (ca, g) is 0.667.

In each configuration the jets penetrate to about i/4

of the duct height, which has been shown to provide optm_um

mixing in an inline configuration 2. As die jets move down-

stream (top to bottom in fig. 2a) die distributions become
similar, and at x/H = 0.5 the distributions appear equivalent.

B = 0.59 B = 0.65 B = 0.81 B = 0.89

x/H = .376 x/H = 0.344 x/H = 0.275 x/H = 0.251

Jet Mass

Fraction

1.0 x/H = .414 x/H = 0.378 x/H = .303 x/H = 0.276

C
:.IV

0.0
x/H = .470 x/H = 0.429 x/H = .344 x/H = 0.314

x/H=0.5 x_ =0.5 _H=0.5 x/H=0.5

rdH = 1.0 x/H = 1.0 x/H = 1.0 x/H = !.0

Figure 2a: Effect of Blockage on Opposed Inline Orifices at MR = 2.0. S/tt = 0.425. J = 48
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In fig. 2b average jet mass fraction concentration
distributions are shown for a square (B = 0.72), a circle

(B = 0.82), and a 2D slot (B = 1.0). The concentration

distributions of the 2D slot indicate that the mainstream fluid

remains in the center of the duct while the jet fluid stays near

the wails. The mixing rate of this configuration appears lower
than the cases where B < 1.0. At x/H = 0.5 the distributions of

the rectangular and circular configurations appear similar to

each other and to the corresponding distributions in Fig. 2a.

B = 0.72

(square)

Spatial unmixedness is plotted as a function of dov/n-

stream position (x/H) for the 7 configurations in Fig. 3. The
curves are similar for all configurations except the 2D slot.

which is consistently less mixed as a function of _H. Ille

surprising result is that mixing is independent of B over a range
of 0.59 to 0.89. Similar perfornmnce independent of B can

probably be attributed to the tact that the effective aerody-

namic blockage is significantly less than the geometric block-

age because of the vena contracta of the jet. For exan_ple.

plate 3 has a blockage of 0.72 based on physical dimensions.

B = 0.82 B = 1.00

(circle) (21) slot)

x/It = 0.307 x/H = 0.347 x/It = 0.222

Jet Mass

] :l._tC lion

1.o x/]i = 0.338 x/It = .382 x/It = 0.244

( "l'

O.O
x/]I = 0.384 x/tt = .435 x/l[ = 0.278

x/H = 0.5 x/H = 0.5 x/H = 0.5

x/H = 1.0 x/H = 1.0 x/H = 1.O

Figure 2b: Effect of Blockage on Opposed Inline Orifices at MR = 2.0. S/H = 0.425. J = 48
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B = 0.59

i
B = 0.65

B = 0.72 (square)

B =0.81

B = 0.89
--"_"-" B= 1.00 (2D slot)

B = 0.82 (circle)

0.25 0.50 0.75 lO0 1.25

x/H

Figure 3: l-f feet of Blockage on Spatial [rnmixedness

at MR = 2.0, SI11 = 0.425. J = 48

bill ol|l'v ().5_ when (,,_ is considered. Thcrelorc cvcn a

conliguralion such as platte 5 that has a II of 0.X9 alhvas a

signilicant prol:_rtion of lilt: mainstre_ml to pass bctv,een

adiacenl.icts due to fl_e vena conlracta of the ori rice. The shear

created by mainllow passing between the jets is necessary for

dcvch_pmcnt of a _1) flowlield which promotes nlixing. The

importance of the interpl,'L_ between the jets and mainstream ix

cvidcnl lronl the ctmccnlrlatitm distribution of the 21) slot

which coufilleS the mainstream to the center of the duct.

Experimental Result

As a practical design issue, the results indicate that

webb thickness can be set by mechanical constraints and not

aerodynamics associated with mixing performance. Eq. 1 can

be used without concern for a decrease in perfomtance due to

high B. The rate of mass addition as a function of downstrean+

distance can therefore be increased by reduction of webb

thickness so that the axial length of the orifice can be mini-

mized. Furthermore, circular and reclangularly shaped ori-

rices with aspect ratios between l-to-1 and l-to-1.5 in Ix_th

bluff ,and +digned orientations have similar levels of U s at

x/t I = 0.5. but note that the bluff orientation offers the charac-

teristic of smaller x projection per unit area.

lixpcrimctmd and Numerical Results

A comparison of the experiment:d and numerical:.jet

mass fraction concentration distributions for the square orifice

configuration (plate 3 in Table I) is shown in Fit. 4 at the

trailme cdoc of the orifice and at x/tl = 0.5. In each case

S/I I = 0.425,md .I = 36. (" for lw_th distributions falls within
_,.,.

ihc 7 :_'-contour lthc experimental MR was 1.7 (c.,,, = 0.63)

compared to the numerical MR of 20 (%,,, = 0.67)). At each
of the downstrcan_ h_.'alions Ihe number of contours and iel

penetration are in agreement. [ Tnmixedness of the two cases is

compared in l'ig. 5. (todd agreement is obtained at x/11 >_05.

bu[ liOtc Ihal upstream of Ihis h_';.llion die curves, appear m

diverge

Numerical Result

C

Jet Mass

Fraction

1.0

x/H = 0.307

0.0

Figure 4:

x/H = 0.500

Concentration Distributions for a Square Orifice Configuration (Plate 3, Table 1)

at S/H = 0.425. J = 36





-TD_.:._, _.,,?.., _ ., r_ ..%

11

Us

O.70

0.60

0.50

0.40

0.30

0,20 -

O.lO -

0.00 :

0.00

• experimental

numerical

0.25 0.50 0.75 I00 1 25

x/H

l:igurc 5: ('omparison of Spatial I!nmixedness for a

Square ()rificc (,onfiguration (Plate 3 in Table 1)

al .l = 36 and Sill = 0.425

I:ffcc[ of ()rificc Shape

The results are prese,_ted to show that equiv:dent me:m

concentration distributions are _ obtained at equ_d spacing

for equal J. Therefore conclusions alxmt the effect of orifice

shape on multiple jet configurations can only be made from

comparison of optimized configurations.

Jet Mass

Fraction

1.()

I

[ "rossllov,'jc[ mixim- pcrfornmncc is directly rclatcd to jet •

pcnclration with optimun_ mixing for inline configurations !occuring ,ahcn the asymptotic ,heart traiectory is at tl/4-'.

Previous sludics _ '_: _-"of a slot with an aspect ratio (Iollg-lt_- C
short ) > 2 have shown that jet penetration may be a function of ave _;_

orifice mlgle. Therefore in addition to orifice spacing, slot "

anglc c_m be used to modify jet penetration. The characteristics 1).()

of inlinc 45: sl:mtcd slots (aspect ratio 4:1 ) and round holes

were invcsli,2alcd to show the effect olori fice shape on mixing

l)rawings of the two configurations _md their correspond-

in_ concentration distributions at x/}I = 0.5 are shown m Fig.

6 The orifices are equal in area. however the round orifice

spacing was decreased to reduce jet penetration so that it was

equ;d to that of the sl:mted slot case. In each case the jets

penetrate to about 1/4 of the duct height mid mixing is similar

as indicated bv the comparable v_dues of U, shown in Fig. 7.

Although orifice shape modifies the jet concentration distribu-

lion H1the vicinity of injection, downstream mixing appears to

be independent of shape for sl,'mted sluts mid round holes, if

aerodyn_unic_dly equivalent cases are compared

i I 45 ° ,,_

cJ
1"

S/tl = 0.5

S/ll = 0.35

IS/I) = 1.67. II/I) = 4.76)

Figure 6: Orifice Configurations and Concentration

Distributions for 45:4:1 slots and Round ltoles

at x/}{ = 0.5 and J = 25
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O.7O

0.60-

0.50-

0.40-

0.30-

0.20-

0.10 -

0.00

0.00

_A 45 ° slots

!
0.25 0..50 0.75 1.00 1.15

x/H

Figure 7: Comparison of Spatial Unmixedness for

Equivalent 45 ° Slot and Round Hole

Configurations at J = 25

Effect of Unequal Opposed Values of J

Annular combustors typically have an equal number

of orifices on the ID and OD walls. Therefore in addition to an

OD webb that is larger than the ID webb the local MR varies

radially. The use of different diameter (and/or number) of

orifices on the opposing walls may be considered to

circumferentially distribute the jet fluid more uniformly. A

design with different ID/OD jet areas might result in different
ID/OD values for J.

The effect of varying opposing J values is compared

to results of an empirical study 19 in Fig. 8. In this experiment

the orifice plate configuration was constant: D = 0.25 and S/
H = 0.25 while the opposing J values were varied to maintain

a constant MR of 0.325. This orifice configuration was found

to be an optimum inline configuration when opposing values

of J were equal and also an optimum configuration for single

sided injection at the same MR. The concentration distribu-

tions vary as expected in that jet penetration is proportional to

J. The values of U s at x/H = 0.5 was about 0.03 for all cases
although the circumferential profiles are distinctly different.

The experimental and empirical results are in good agreement.

.

.

.

.

.

Conclusions

Compared at x/H = 0.5, orifice configurations with

blockages ranging from 0.59 to 0.89 had similar mixing

performance.

The design correlation for inline configurations at

MR = 2, 2.5 = (S/I-I_J, is independent of the webb

between adjacent orifices.

Numerical and experimental results were in good agree-

ment for an orifice with aspect ratio of 1-to-1.

Conclusions about the performance of various orifice

shapes can only be obtained from comparison of opti-

mized configurations.

Experimental and empirical results were in good agree-

ment for jets with different momentum-flux ratios on

opposite sides.
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Jet Mass

Fraction

1.()

().0

Experimental

J = 26.4

J = 38.0

_" "lr "V "_gN
ai_ .F = _7

,I = 16.9. ITs = (IO26

.I =51.7

V:

J = 9,5, Its = 0.027

J = 67.6

Empirical

J = 26.4

: ......... .*.......... ,......... :_ ........

__._

J = 26.4, 1Ts= 0.026

J = 38.0

.I=9.5. I",=(1(1t2

.l = 67.6

J = 4.2. I!s = 0.024

_4555"5:--
_-'S__r.._-_=---=--_

J = 4.2, I Is = 0.(142

J = 105.6 J = 105.6

Figure 8:

J = 0, Us = 0027 J = 0, Us = 0.047

Comparison of Experimental and Empirical Results for lnline Round Orifices
when Opposing J Values are Unequal {SIH = 0.25 and x/H = 0,5)
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